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ABSTRACT

The Synthetic Theater of War is the mgjor application of a Defense Advanced
Research Projects Agency thrust in Advanced Distributed Sinmulation (ADS). The
STOW Program focuses on an Advanced Concept Technol ogy Denpnstration terned
STOW 97 sponsored by DARPA with the United States Atlantic Command. To
support ADS applications up to the Joint Task Force |level, STONseeks to

devel op and denpbnstrate technol ogies enabling the integration of war-fighting
through virtual and constructive sinulations from geographically distributed

| ocations in a conmon synthetic battlespace.

The U.S. Arny Topographi ¢ Engineering Center is devel oping, under Contract to
Lockheed Martin, a synthetic environnent, Dynamic Virtual Worlds, which will
enhance the virtual battlefield with real world environmental effects using
at nospheric nodel s devel oped by the Arny Research Laboratory that vary
temporally and spatially. This paper summarizes the atnospheric effects that
are being denpnstrated in the Dynamic Virtual Wrlds programwithin STOW 97.

1.0 Introduction

Weat her has al ways played a decisive role in warfare. Literature, novies, and
hi storical accounts of battles depict the struggles of the infantrynan

trudgi ng through the sloppy mud of the jungle, the snowy cold of the North, or
the searing heat of the desert. The eventual winner of the battle was al nost
al ways the individual or battle group who could better withstand the el enents
of weather and turn those elenments to their benefit. A frequently heard
statenent is, “The weather affects the eneny just the same as it affects us,
so it is not a factor to the outcome.” This has been a false assunption for
as long as history has recorded arned conflict. An exanple is Napoleon's



wintertime invasion of Russia. And it is certainly inproper to assume such a
posture in modern or future warfare.

The Synthetic Theater of War (STON is the major application of a Defense
Advanced Research Projects Agency (DARPA) thrust in Advanced Distributed
Sinulation (ADS). The STOW Program focuses on an Advanced Concept Technol ogy
Denonstration ternmed STOWN 97 sponsored by DARPA with the United States
Atlantic Conmand (USACOM). The successful inplenentation of STOW 97

technol ogi es in Novenber 1997 with the United Endeavor 98-1 Exercise will mark
the full operational capacity of the USACOM Joint Training, Analysis and
Sinulation Center. To support ADS applications up to the Joint Task Force

|l evel, STOW seeks to devel op and denonstrate technol ogi es enabling the
integration of war-fighting through virtual and constructive sinmulations from
geographically distributed locations in a common synthetic battl espace.

Serving as DARPA Agent, the U S. Arny Topographi c Engi neering Center has

awar ded research and devel opment contracts to devel op advanced technol ogies in
four areas: 1) physics-based environnental effects under the Dynamc Virtual
Worlds (DVW); 2) dynamic terrain and nulti-state objects under the Dynamc
Terrain and Objects; 3) atnospheric and ocean data services under the Total

At mosphere and Ccean Server (TACS); and 4) next generation terrain data base
representations under the |Inproved Conputer Generated Forces Terrain Data
Base. This paper will only discuss (1) above.

2.0 Dynamic Virtual Wrlds

Lockheed Martin Advanced Distributed Sinulation (LADS) of Bellevue, WAshi ngton
and Canbridge, Massachusetts is performng the integration of environnental
feature nodels into MbdSAF (Mdul ar Sem - Aut omat ed Forces), and conpl enentary
visualization capabilities known as MdStealth. MdSAF was sel ected as the
conput er generated forces system because of its open architecture, w de use,
and ready availability. The visualization of environmental effects is being
denonstrated in the new OpenScene “stealth” system  The DVW (Turner, 1996)
program enhances the virtual battlefield with real world environnental effects
that vary temporally and spatially. Exanples of effects currently nodel ed
include the variation of illumination with tine-of-day; obscuration of the
battlefield fromartillery-generated dust, vehicle dust, snoke from burning
tanks, and tactical offensive and defensive snoke sources; the effects of
boundary | ayer aerosols (fog, haze, rain, and snow); signal and illumination
flares; hydrology; and the effects of dynamic environments on mobility. All
of the atnospheric nodels currently being used by DVWare contained in the
Electro-Optical Atnospheric Effects Library (EOSAEL) (Shirkey, et al, 1987).
EOCSAEL has been constructed by the Arny Research Laboratory’s, Infornation
Sciences and Technology's, Battlefield Environment Division; EOCSAEL has been
evolutionary, with its inception in 1979 and four revisions since then. A new
revision is currently available through the Test and Eval uati on Conmunity
Network Bulletin Board System (TECNET).

2.1 The Electro-Optical Systems Effects Library

EOCSAEL provides an integrated nethodology to investigate atnospheric effects
on radiation passing through the fog-of-war. It is a state-of-the-art



conputer library conprised of fast-running theoretical, senmi-enpirical, and
enpirical conputer prograns that mathematically describe various aspects of

el ectromagnetic propagation and battlefield environments. The nodels are nore
engineering oriented than first principles. The philosophy is to include
nodul es that give reasonably accurate results with the mnimumin conputer
time for conditions that may be expected on the battlefield.

The nodul es contained in ECSAEL are organized into eight generic atnospheric
effects areas: gases, natural aerosols, battlefield aerosols, radiative
transfer, |laser propagation, and target acquisition, system performance and
support. Details of the physics enbodied in these nodules and their usage nay
be found in the various ECSAEL vol umes (ECSAEL 87) and at the internet site
"http://www. eosael.tonf.

2.2 NodSAF Weat her Editor

In order to aid in the setting up and running of DVW coupled with the
underlying EOCSAEL, a weather editor has been constructed by LADS,
appropriately named the MdASAF weather editor. The MdSAF weat her editor
supports wuniform honmogeneous, atnospheric paraneter settings. A wi dget
controll ed graphical user interface supports setting tine-of-day, tenperature,
wi nd speed and direction, precipitation type and rate, extinction type and
amount, cloud cover, barometric pressure and dewpoint. The weather editor
establ i shes uniformconditions for the entire data base. Al though not
representative of a 3-D spatially variant natural environnment, the weather
editor does provide a robust tool for localized nodel testing and genera
scenario sinulation. For exanple, an operator can nodify the data base’s wind
speed and direction to analyze the change in a snoke plune’s dispersion down
wind. Likewise, an operator can set the date and tinme-of-day to analyze a
scenario during a rising or setting sun. The atnobspheric settings are also
used to feed the environnental nodels discussed bel ow.

2.3 Natural |llunm nation

Many sinul ation systens today operate in a static, full daylight environnment.
The STOW program can conpute dynami ¢ tine-of-day capability to provide

conti nuous changes to the ambient |ighting contributions fromsolar, |unar
and sky background sources. The ECSAEL ILUMA nodel (Duncan, et al, 1987)

describes natural illum nation under realistic atnmospheric conditions that

i nclude clear skies, partly cloudy and overcast conditions, precipitation and
fog. The total illumnation is conmputed as the sum of the contributions from
the sun, the noon and the background sky. At night, scattered light from
nearby cities (or other sources of artificial light) can significantly enhance
the horizontal illumnation at a given location; shadows cast by natural or
man- made objects may al so significantly reduce the available illumnation

Nei t her of these problens is addressed in the current nodel because of the
detailed, site-specific, physical nmodeling required for their treatnents.

Conput er codes based on extinction or single scattering have been widely used
to predict atnospheric transmittance (Kneizys, et al, 1983). Li ght
propagation in the atnosphere, however, is a multiple scattering process in
whi ch radiation scattered by one el enent can be scattered again by another



el ement. Numerous |arge conputer codes have been devel oped for perforning
exacting multiple scattering radiation transfer calculations. Because of the
menory requirenments and execution time linmtations, these codes are not

practical for real-time battlefield applications. In addition, to develop a
conputer code that requires inputs that cannot reasonably be expected to be
available is not practical. Coud observations, especially under tactica

situations, usually provide the types and anmounts of high-, nmiddle-, and

| owl evel clouds. Since these observations are taken by a human observer, no
informati on above an overcast layer is obtained. Al so, note that this
information does not include cloud thickness, types of aerosols in the cloud
and aerosol size distribution -- quantities that are desirable for detailed
radiation transfer calculations.

ILUMA enploys Shapiro's three-layer atnosphere nodel, which uses the doubling
met hod for determining solar insolation at the surface. Details of Shapiro’s
met hodol ogy may be found in Shapiro (1982).

2.3.1 Calculation of [Ilum nation

Conceptual ly the calculation is straightforward, given the formulas devel oped
in (Duncan, et al, 1987). Beginning with location and time, one would
calculate the zenith angles of the sun and the moon. The fractiona
transmttances woul d be conputed and nmultiplied by known val ues of the
illuminance at the top of the atnosphere to obtain the surface val ues. Because
of the approxinmate nature of the transm ssion and reflection functions (and
hence the fractional transmittances), an alternate procedure was adopted. The
illuminance were calculated fromenpirical data for clear sky conditions (van
Bochove, 1982). These values were then nultiplied by the ratio of the
fractional transmittance for the specified weather condition and the

fractional transmittance for clear conditions

When the sun and nmoon are well below the horizon, illumnation is
significantly higher than would be predicted fromthese two sources.  Sources
for this additional illumnation, called the background sky illumination,
include starlight and airglow (RCA 1974). Published values for this
contribution to illumination vary from 0.00007 to 0.00025 fc. A nean val ue of
0.00015 fc has been included in the current nodel

The nmodel has been designed to accept data that are generally avail able
through routine weather observations. These data include the types and
amounts of high-, mddle-, and Iowlevel clouds and the occurrence, or
nonoccurrence, of fog or precipitation. The resultant three-layer radiative
transfer nodel responds to inputs of the types and anounts of such cl ouds.
Admittedly such a sinplified approach results in sone error in the conputation
of the transmission of visible light through the atnobsphere. However, nore
detailed calculations that woul d probably provide nore accuracy typically
require input data that are not routinely available.

The conparisons (Duncan, et al, 1987) show that the nodel predicts reasonable
val ues when conpared to the field nmeasurements available. The nodel has a
general tendency to slightly under predict. Although the exact cause for this
tendency has not been deternined, it may be largely a result of contributions
to neasured illumnation fromartificial |ight sources (nearby cities).



ILUMA thus allows the STOW sinulation exercises to operate around the clock by
providing continuous characterizations of natural illumnation fromsunrise to
sunset and from full daylight to total darkness

2.3.2 I nherent Contrast

Natural illumination in STOWsinulations pronpted the extension of MdSAF
target detection nmodels to |everage variable Iighting conditions.

I nherent contrast describes the color difference between a vehicle and its
backgr ound. Devel oped by the U S. Arny Night Vision Laboratory (Decker,
1988), the contrast nodel provides a neasure of a target’s maxi mum potentia
visibility based on four factors: 1) target type, 2) target background, 3)
illumnation source for the target, and 4) spectral waveband in which the
target is being sensed

Paraneters for target type include woodl and and desert, Arny canoufl age paint,

Armmy tan paint, fatigue uniforms, dark brown paint, light brown paint, or 3
types of foreign paint schemes. Background type is broken into the follow ng
categories: sandy soil, gravel roads, concrete, asphalt, rocky soil, map
green, map light green, top soil and sky. The illumination source can consi st

of either sun, noon or stars, and sensor types nmay include daylight vision
optics or night vision optics. These paraneters are fed through contrast
nmodel | ookup tables to deternmine the target’s inherent contrast.

2.4 Atnospheric Transn Ssion

The representation of haze, dust, rain and snow wi thin MdASAF and OpenScene
provide a powerful sinulation mechanismto degrade once environmentally static
sensor simulations. STOWcurrently supports sinulation of these atnospheric
phenonenon in the context of atnospheric transnission

At mospheric transmission, or transmissivity, describes the visibility effects
of boundary-1level aerosols (haze, dust) and precipitation. Beer's lawis used
to calculate the transmttance

T, (R) =e (7%

wher e

T,(R) = the transnittance at range R and wavel ength A
K, = the extinction coefficient at A.

Transmissivity is deternmined via the use of three nodels: 1) the LOMRN nodel
whi ch was developed by the U S Ar Force's Geophysics Laboratory and

incorporated into ECSAEL; 2) the EOCSAEL XSCALE nodel (for transmissivity due
to snow); and 3) a nodel used to calculate the transmissivity of a dust storm

In MbdSAF, the output of the LOWIRN, XSCALE, and the dust storm nodel is
stored in a series of |ookup tables as extinction coefficients. These
extinction coefficients are used to provide appropriate visualization cues in
OpenScene and to degrade sensor and target detection in MdSAF



The cal cul ations of transmission within DVW for haze, fog, and rain use the
fornulation found in the ECSAEL version of LOAMRAN (LOMRN) (Pierluissi and
Maragoudakis, 1987). The ECSAEL version differs only in that sone coding not
relevant to Arnmy usage was del eted

There are two options for producing visible fog, haze or rain in DVW which
are: using LOMRAN and using inputs fromthe TAGCS program  The MdSAF and
OpenScene applications are run in slightly different nmanners: this is due to
the fact that MbdSAF needs data bases from LOMRAN whereas QpenScene can use
LOMRAN on the fly (real-tine).

2.4.1 LOMRAN usage in DVW

When LOMRAN is enpl oyed the atnosphere is considered to be horizontally
honogeneous - vertical stratification that may be existent in LOWIRAN is used,
but due to the nature of Army warfare (close to the ground) this vertica
stratification is not frequently invoked. The follow ng discussion is taken
fromthe original LOMRAN 5 and 6 reports (Kneizys, et al, 1980 and 1983).

The aerosols that are currently inplemented in DVW (others could be added if
so desired) from LOMRAN are rural (for haze), two types of fog (advection and
radiation), and rain at six different rates.

2.4.1.1 Rural aerosol. Haze (10-, 5-, and 2-km neteorol ogi cal ranges) can be
represented by the rural aerosol within the boundary layer (O- 2 km. Wthin
the boundary |ayer the shape of the aerosol size distribution and the
conposition of the nodel at the surface is assuned to be invariant with
altitude. The rural nodel is intended to represent the aerosol condition one
finds in continental areas which are not directly influenced by urban and/or
industrial aerosol sources. The rural aerosols are assumed to be conposed of
a mxture of 70 percent water-soluble substance and 30 percent dust-Ilike
aerosols. The rural size distribution is paraneterized as the sumof two

| og-nornal size distributions.

2.4.1.2 Fog nodels. Wen the air beconmes nearly saturated with water vapor
fog can form  Saturation of the air can occur as the result of two different
processes; the mixing of air nmasses with different tenperatures and/or
humidities (advection fogs), or by cooling of the air to the point where its

t enperat ure approaches the dew point tenperature (radiation fogs). Wen using
a fog nodel it is assumed that the visibility is less than 200 mfor thick
fogs and the extinction will be virtually independent of wavel ength. For these
conditions the advection fog nodel should be used. For light to noderate
fogs, the visibility will be 200 to 1000 m and the radiation fog mdel should
be used. For thin fog conditions where the visibility may be 1 to 2 km the
99 percent relative hunmdity aerosol nodels may represent the wavel ength
dependence of the atmospheric extinction as well as any of the fog nodels. A
nmodi fi ed ganma size distribution was used to construct these fog nodels
(Shettle and Fenn, 1979).

2.4.1.3 Rain nodel. The Marshall-Pal mer (MP) raindrop size distribution is
used because the two nain conponents are rain rate and drop dianmeter, and the
MP raindrop size distribution is widely accepted in the research comrunity.
Note that the extinction due to rain is independent of wavel ength.

In passing it should be noted that MODTRAN (Berk, et al, 1989) is not enpl oyed



as the wavel engths used here are primarily in the visible and current sensors
model ed are not narrow band. |f the visualization were to be in the IR or
narrow band sensors were to be used, then MODTRAN woul d have to be enployed to
represent the atnospheric transm ssion nore accurately.

2.4.2 TACS usage in DVW

When TACS 4-D gridded data is available, the required information is taken
fromthe 3-D distributed weather grid sources such as observations or weather
model s. In this case horizontal and vertical 3-D inhonpgeneities are all owed

the extinction coefficients are nore closely aligned with real weather,
rather than nodeled weather. VWhen run in this node the information passed is
of three types: 1) extinction type (rural, etc.) and precipitation type (rain,
etc.) ; 2) neteorological range; and 3) the extinction coefficient.

2.4.3 Attenuation Through Falling Snow

XSCALE (Fiegel, 1994) calculates the transmttance through the naturally
occurring aerosols of haze, fog, rain, snow, and ice fog. XSCALE nodels the
wavel engt h dependence of transnittance on these aerosols for I|ine-of-sight
(LOS) paths within -2 km of the earth's surface. The aerosols are assumed to
be horizontally honbgeneous.

Falling snow is defined in XSCALE as precipitating snow carried by a w nd of
less than 5 nms and a relative hunmidity of less than 95 percent. Crystals of
falling snow are generally large in conparison to visible and IR wavel engt hs.
The geonetrical optics approxinations are expected to be valid. Therefore
the extinction coefficient is equal to 2.0 and the resulting extinction is
wavel ength independent. However, field nmeasurenments of transmittance usually
have exhi bited a wavel ength dependence in falling snow such that the
extinction coefficient increases with wavel ength in the absence of coexisting
fog. This observed spectral dependence is explained for the nost part by
considering diffraction effects. Thus, as the wavelength increases, |ess
diffracted energy is directed along the LOS to enter the transm ssoneter,
resulting in an increasing extinction coefficient with wavel ength.

2.4.4 Dust WMbdel

The dust storm nodel has been constructed from extinction coefficients that
were taken at the BCIS experinent at the Mounted Warfare Testbed, Ft. Knox.
2.5 Battlefield Obscurants

Obscuration of the battlefield from burning vehicle snoke, snoke signals,
snoke pots, snoke generators, artillery dust and nmuzzle dust are provided by
ECSAEL' S Conbi ned Obscuration Mdel for Battlefield |nduced Contam nants
(COMBIC) (Hoock, et al, 1987). COMBIC nodel s the production, transport,

di ffusion and non-uniformstructure of battlefield obscurants. The nodel uses
sem -enpirical and first-principle physics to conpute the influences of w nd,
humi dity, tenperature and pressure on the aerosol yield, cloud buoyancy,
transport and diffusion. The design requirement was to predict transm ssion
for any 3-D orientation of target and observer pairs, for (in principle) any
nunber of battlefield obscurant sources produced at different coordinates and
times. Values are conputed for conmon spectral wave bands.



The primary input to COMBIC are environmental conditions (e.g., tenperature,
and wind velocity) and obscurant source conditions (e.g. , smke munition type
and burning vehicles). Each obscurant source is characterized by one to five
subclouds, With each subcloud being either a Gaussian puff or a Gaussian

plume. The nmodel outputs a table of subeloud centerline trajectories,

subcloud di mensions, the mean concentration downwind with respect to time, and
the extinction. Collectively, this data is referred to as a COMBIC trajectory
time history.

GCOMBIC cal cul ations are perforned in two phases. During Phase |, each type of
obscurant source to be played is conputed for one source and stored in | ook-up
tables. These outputs are stored in a file. They include: the height of the
centroid (puff) or height of the |eading downw nd edge of the cloud (plung);
the x-y-z dinensions in Gaussian standard deviations; and the tine required
for the cloud to reach each downwi nd distance. They also include a tine
history of the cunul ative anount of obscurant released for the total burn-tine
(emission time) of the obscurant. And, finally, they store certain individual
val ues required for use in scaling the results to |arger nunbers or different
sized fill-weights of obscurant. Al neteorological conditions except

hori zontal wind direction are used in Phase |

In Phase |1, the user specifies LOS pairings and initiates obscurant source
scenari 0os. COMBIC conmputes LOS geonetries and intercepts, if any, with active
clouds . For each intersection, it determi nes the anpbunt of obscurant al ong

the LCS by | ooking up the ambunt of obscurant that will have reached that LGS
at that tine for each source. This is multiplied by the extinction
coefficients for each obscurant involved, and the total conbined transm ssion
through all relevant clouds and cloud types is conputed for output at each
wavel ength band. Wnd direction is the only neteorol ogical condition allowed
to be changed during Phase Il, although vehicle directions are allowed to be
changed during this phase. The final outputs are conputed as the Beer-Lanbert
for transmttance.

Vehi cul ar dust is a special case of battlefield obscurants. In this case, the
source of the local obscuration is noving rather than stationary and the
anount of obscurant is dependent upon the vehicle type (wheeled or tracked),
vehicle weight, vehicle speed and the silt percentage in the soil

2.6 lllumnation and Signal Fl ares

Flares, launched via the MdSAF artillery editor, are nodeled to burst,

descend and extinguish. Upon receipt of a detonation Protocol Data Unit (PDU)
for the flare nunition, MdSAF | ooks up the configuration data for the flare
and initiates simulation of the entity. The flare configuration data includes
burst height, burn time, rate of fall, intensity and illunination cone angle.
ModSAF cal cul ates the movenment of the flare (descent and travel with the w nd)
and issues environnmental entity PDU’s. Once the burn time has expired, the
flare is nmarked “inactive,” with a correspondi ng change on the MdSAF plan
view display in icon color fromwhite to black. Eight seconds after the
completion of the burn time, the flare entity is termnated

Illumination flares are used to support target detection at night, and signa
flares are used to trigger MJdASAF phase changes in nissions.



2.7 Weather-LINC (Live InterNet Connection).

As an adjunct to the Wather Editor the capability to connect MddSAF to live
internet weather feeds has been inplenented. A variety of Internet sites
provide periodic updates, generally on the hour, containing surface weather
observations. MddSAF can access a variety of sites by parsing the textua
information provided by the Internet site and inplenents sinple rules to
instantiate quantitative values from the qualitative descriptions (e.g. , a
reported observation of “light rain” is mapped to rain rate of 2 mm/hr).

ModSAF's ability to consume publicly avail abl e weather observations from
Internet sites provides an inexpensive and powerful tool for simulations
playing in dynanmic environments. The STOW program has denonstrated conbi ned
live and virtual weather simulations to illustrate the power of real-tine
weat her information. These denobnstrations utilize OpenScene visualizing a
region in which the environnental conditions are provided via the MdASAF
Weat her LINC. As a correlation test, live Network Caneras (NetCams) are
accessed via the Wrld Wde Wb displaying |ive out-the-w ndow views of the
same region visualized by the Stealth.

3.0 Concl usions

The DVWprogramis enriching the virtual battlefield with a range of

real -world local and anbient environmental effects garnered from physically
correct atnospheric nodels and real-world enpirical values. The local effects
nodel ed to date include obscuration due to high explosive artillery generated
dust, smoke from burning tanks and other battlefield sources, vehicular dust,
and signal and illunination flares. The anbient effects nodel ed include the
variation of illumnation with time-of-day, boundary |ayer aerosols, clouds,
precipitation, snow and dust storns, ocean waves, and hydrol ogic effects on
terrain.  The incorporation of these and other real-world environnental
effects is essential for distributed sinulation applications ranging from
training to test and evaluation.
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